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CONTROL STRATEGY FOR AUTONOMOUS
REMEDIATION OF MARINE OIL SPILLS
CHRISTOPHER J. BECKER
ABSTRACT
This thesis presents a novel formulation of a gradient-type controller to address
the problem of cleaning up marine oil spills. Little work appears to have been done in
developing autonomous oil spill clean-up devices, with most research efforts directed
toward developing improved oil collection strategies. It does not appear that previous
work in this field has included development of control algorithms specific to addressing
the problem of deployment strategies for multiple clean-up devices.
This thesis provides a framework for deployment of multiple clean-up agents and
makes the following contributions to the field. We first develop a mathematical rep-
resentation for the effect of a clean-up agent as a line-sink and introduce this term
into an existing oil spill spreading model. The augmented oil spill spreading model
is simulated for a finite volume of oil released within a region Q′ which contains mul-
tiple clean-up agents. Second, we use the augmented oil spreading model to develop
a cost function and derive a gradient controller that seeks to maximize the oil re-
moval rate for a system of N clean-up agents. Several key properties of the controller
are presented. Finally, we demonstrate the effectiveness of our controller through a
MATLAB simulation. The performance of the controlled agents, measured by the
total volume of oil removed over the simulation, is compared to the performance of
static and randomly moving clean-up agents.
The results from MATLAB simulations presented in this thesis demonstrate that
the proposed control strategy is more effective at removing oil than static or randomly
moving agents. The formulation of the control law directs clean-up devices toward
v
areas in Q′ experiencing the greatest volumetric change in oil, thereby maximizing the
volume of oil that is removed by each agent. The controller presented in this thesis
is adaptable to a range of clean-up devices and we present several future research
avenues that could be pursued to further develop this concept.
vi
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1Chapter 1
Introduction
1.1 Project Background
Global oil consumption is on the order of 90.8 million barrels (2.86 billion gallons)
per day, with over 50 percent of global oil production transported via maritime routes
(Kwiatkowski and Graham, 2009)(USEIA, 2012). Driven by increasing demand in de-
veloping nations, the International Energy Agency projects a 0.2 to 1 percent annual
increase in global demand for oil through 2030 (Kwiatkowski and Graham, 2009).
Consequently, addressing the ecological and environmental impacts of oil spills re-
mains a pressing concern.
Despite safety regulations and improved tanker designs, oil spills are an unavoid-
able reality and require methods for efficient, cost-effective clean-up strategies (also
referred to in this thesis as remediation). Even relatively small oil spills can wreak
extensive devastation on the surrounding environment. The Exxon Valdez is of par-
ticular note since its remote location in the Prince William Sound of Alaska limited
accessibility to the spill site, compounding the impact of the release (SoA, 1990). In
addition to tanker-related incidents, releases to maritime environments from other
sources, such as the Deepwater Horizon disaster, can also have catastrophic impact
to the ecosystem.
A variety of strategies have been developed to expedite clean-up and minimize
the extent of environmental impact of oil spills. These strategies include mechani-
cal methods (e.g., booms and skimmer vessels), chemical methods (e.g., dispersants
2and emulsion breakers), and alternative methods such as bioremediation and in-situ
burning (Ventikos et al., 2004). Each method is subject to its own limitations and oil
spill responses typically employ a combination of these strategies. However, complete
clean-up of oil spills to pre-spill conditions is rarely achievable in a meaningful time
frame due to residual dissolved-phase contamination.
Studies have shown that oil spill clean-up efforts in the initial hours following a
release are the most crucial for mitigating the extent of impact to the ecosystem (SoA,
1990). However, an immediate response to a spill can be limited by availability of
manpower, equipment and other resources. Readily-deployable autonomous clean-up
devices could facilitate initial response efforts during this crucial period and minimize
harm to human health and the environment.
This thesis presents a control law that directs a system of N clean-up agents
(also referred to in this thesis as agents or remediation devices) toward positions that
maximize the removal rate of oil within an enclosed area Q′. Such an area could be
established using existing technologies, such as containment booms, or coupled with
an autonomous containment device, such as that proposed by Kim et al. in 2012
(Kim et al., 2012). The performance of the proposed controller is compared to the
performance of randomly-deployed static agents and dynamic agents with random
paths.
1.2 Relevant Work
Research efforts into oil spill clean-up technologies appear to have been directed pri-
marily toward mechanical design of autonomous devices and development of advanced
materials that increase the absorption of oil. It does not appear that previous work
in this field included development of control algorithms specific to addressing the
question of remediation device deployment. In 2007, Kakalis and Ventikos presented
3a conceptual framework for a robotic swarm mobilizing to confront an oil spill based
on Elimination Units for Marine Oil Pollution (EU MOP) autonomous devices. Their
work explored a shoreline defence as well as ship deployment of autonomous agents
in the open ocean (Kakalis and Ventikos, 2008). However, no models for controllers
were presented as part of this research. The Massachusetts Institute of Technology
Senseable City Lab has developed Seaswarm autonomous devices using a nanowire
mesh to collect oil (Hirsch, 2010). These devices are capable of locating the edge of
an oil spill and autonomously conducting clean-up activities. Multiple devices can
communicate with each other through GPS and WiFi. Although details pertaining to
the interaction rules between Seaswarm clean-up devices is sparse, it does not appear
that configuration of these clean-up agents is guided by a control algorithm.
There is a significant body of work addressing efficient and effective deployment
of multiple robots. Multi-agent deployment strategies have been developed to achieve
a range of goals, such as surveying and surveillance of an area, and control of robotic
swarms. The problem of coverage control has been studied extensively in network sen-
sor coverage problems. Deployment strategies developed to achieve coverage control
include Voronoi-based controllers and minimum variance deployment (Pimenta et al.,
shed)(Corte´s et al., 2002)(Demetriou, 2010)(Demetriou and Hussein, 2009)(Bullo
et al., 2009).
The sensor coverage problem is similar in nature to the oil spill clean-up question
considered in this thesis. Specifically, we seek to provide coverage of a region with
a clean-up effectiveness of each agent that decreases with distance from the clean-up
agent’s location. The application of coverage control strategies to multi-agent deploy-
ment in fields described by partial differential equations has been studied by others.
In 2009 and 2010, Demetriou et al. studied the problem of controlling multiple mobile
agents to improve state estimation in a dynamic field (Demetriou, 2010)(Demetriou
4and Hussein, 2009). These works included simulation of the controller in a two-
dimensional environment governed by a diffusion process. Demetriou et al. suggested
oil spill monitoring as one potential application of their research, although clean-up
effects were not incorporated (Demetriou and Hussein, 2009).
Current methods for deployment and configuration of multiple mechanical oil
spill clean-up devices is primarily manual, using aerial surveillance to direct the de-
vices to regions that appear to have higher oil concentrations (ITOPF, 2012). Other
popular methods for mechanical oil spill clean-up use a mobile containment (e.g., a
V-shaped boom) to funnel oil toward a skimmer vessel to maximize oil removal effi-
ciency (ITOPF, 2012). The approach outlined in this paper seeks to improve current
deployment methods by allowing multiple clean-up devices to autonomously adopt
configurations that increase their oil removal efficiency.
One of the seminal works in oil spill modelling was presented by Fay in 1969
(Fay, 1969). Fay identified three regimes that govern oil slick spreading. The initial
hours following a release are dominated by gravitational and inertial forces. This is
followed by a gravity-viscous regime, which is governed by a balance of gravitational
and viscous forces. As the oil slick continues to spread and thin, the slick enters a
viscous-surface tension regime.
While the spreading regimes proposed by Fay describe the general mechanisms
that govern transport, they do not account for the range of possible fates (i.e., ulti-
mate dispositions) for oil spilled in maritime environments. In 1983 Huang compiled
a survey of oil spill fate and transport models used in the environmental industry
to model evolution of oil slicks (Huang, 1983). The models presented by Huang in-
cluded a range of fate pathways, including emulsification, weathering, evaporation,
and dispersion. These models ranged from mathematical equations describing a single
fate pathway to complex computer simulations that attempted to capture multiple
5fate pathways. Huang noted that not all of these factors are well understood and
mathematical models may not exist for some effects (Huang, 1983).
In 1982 Benque´ et al. proposed a novel spreading model for the gravity-viscous
regime described by Fay (Benque´ et al., 1982). Benque´ reduced the dimension of the
problem by considering the change in the thickness of the slick over a two-dimensional
simulation area. Diffusion and environmental conditions, such as wind speed and cur-
rent, are the primary mechanisms considered in Benque´’s model. In 1990, Cuesta et
al. demonstrated the validity of Benque´’s model by comparing a numerical simulation
of the model to data reported for the 1978 Amoco Cadiz release. The areal extent of
the oil slick predicted by the Benque´ model correlated to the reported extent of the
Amoco Cadiz release (Cuesta et al., 1990).
In addition to research on spreading models, a wide range of clean-up strategies
has been developed over the years. In 2003 Ventikos et al. conducted a survey of
oil spill response equipment, including several mechanical devices such as skimmers,
weirs, and vacuum vessels. Containment techniques, such as booms and curtains,
were also evaluated (Ventikos et al., 2004). A controller for autonomous oil spill
containment was presented by Kim et al. in 2012. Their work considered a net-
work of interlocking autonomous surface vessels which could identify, connect, and
contain an oil spill (Kim et al., 2012). This is of particular interest for developing
a completely autonomous spill response system. However, the problem of removing
the contained oil was not addressed in this work. It should also be noted that some
work has been done on chemical plume tracing and isocline tracking (Zarzhitsky et al.,
2005)(Kalantar and Zimmer, 2005). Neither of these studies directly addresses oil spill
clean-up methods. However, similar approaches could be beneficial for implementing
autonomous containment of oil spills.
6Chapter 2
Problem Formulation
2.1 General Terms and Notation
Consider a compact region Q′ ⊂ R2, which contains a finite volume of oil vt that we
wish to clean-up and N clean-up agents. Let q ∈ Q′ represent a point within the
region and h(q, t) ∈ R≥0 represent the thickness of oil at point q at time t. We denote
the position of the ith clean-up agent as pi ∈ Q′, where i ∈ S = {1, 2, ...N}. The
vector of agent positions can be expressed as P = [ pT1 , ...pTi , ..., pTN]T . We refer to P
as the configuration of the clean-up agents.
To facilitate our analysis, we define two subregions in Q′. Let Ai ⊂ Q′ represent
a small convex region surrounding the ith agent where oil removal by the clean-up
agent is the dominant process. For example, Ai could represent the interior area of
a slotted pipe placed in the water through which oil is actively removed. We define
the region Q to consist of all remaining points q /∈ Ai such that Q′ =
∑N
i=1Ai ∪ Q.
We note pi /∈ Q, ∀i ∈ S, and therefore pi 6= q, ∀q ∈ Q. A graphical representation of
these subregions is provided in Figure 2·1.
Our goal is to efficiently remove oil from region Q′ by moving the clean-up agents
toward positions that maximize the rate of oil removal from Q. We achieve this by
developing a gradient-type controller that seeks to minimize a cost function H based
on the rate at which oil spreads within Q.
7Figure 2·1: The region surrounding the ith agent, Ai, bound by ∂Ai.
The remainder of the system comprises region Q, bound by ∂Q. The
entire system, designated as Q′ (not labelled), is given as Q∪∑Ni=1Ai.
2.2 Oil Spreading Model With Clean-Up Agents
Several models exist for approximating the evolution of an oil slick over time. These
models increase in complexity as they incorporate more of the physical features of
an oil spill (Huang, 1983). A simple yet accurate model is needed to minimize the
complexity and computational cost of the control algorithm. The oil spreading model
proposed by Benque´ reduces three-dimensional oil spreading to a two-dimensional
problem by considering the oil thickness as the unique variable
Benque´’s model is given as
∂h
∂t
= Cp∇2h3 −∇ · (hA) (2.1)
where Cp and A are parameters which capture diffusion and advection from envi-
ronmental parameters, respectively. We assume in (2.1) that the deflection of fluid
8flow due to the Coriolis effect resulting from Earth’s rotation is negligible; this is a
valid assumption for a sufficiently small region Q′. Derivation of (2.1) is based on a
continuity equation considering the average velocity throughout the thickness of the
oil slick (Benque´ et al., 1982). A brief presentation of Benque´’s work in deriving (2.1)
is provided in Appendix A. (The reader is directed to Benque´’s original work for a
full derivation and discussion of (2.1)).
We introduce a line-sink term into (2.1) to represent the effects of the clean-up
agents. Assuming constant fluid density, the following two-dimensional point-sink
model for an ideal fluid can be derived from conservation of mass principles
ρ m˙out = ρ m˙in
where the fluid density ρ is assumed to be constant
m˙out = m˙in
We can express m˙in in terms of the velocity of fluid flowing across the circumference
of some disk of radius r = ‖q − pi‖.
= 2pi‖q − pi‖‖vr(r)‖ (2.2)
where m˙out represents a flux out of the system in m
2/s, ‖q−pi‖ is the radial distance
from the sink at point pi to a point q ∈ Q, and vr is the radial velocity from point
q toward pi (Young et al., 2007). Note that the right hand side of (2.2) represents
the flow across a boundary at radius r from pi and is in units m
2/s. The flow field
described by (2.2) is depicted in Figure 2·2.
We consider a clean-up agent consisting of a slotted pipe, or similar extraction
device, placed into the water through which oil is removed. The two-dimensional
9Figure 2·2: Depiction of the 2-dimensional point sink described in
(2.2). The magnitude of the flow field described by ‖vr(r)‖ is shown in
red.
model of a point-sink can be extended to a line-sink by extrapolating the point-sink
effect over some normalizing height H¯. We assume an infinitesimal horizontal section
of the line-sink will behave identically to the two-dimensional point-sink so that
m = 2pi‖qj − pi‖‖vr(r)‖H¯ (2.3)
or
vr(r) =
m
2pi‖qj − pi‖H¯
(
(pi − qj)
‖pi − qj‖
)
=
m (pi − qj)
2piH¯‖qj − pi‖2 (2.4)
where the velocity magnitude, ‖vr‖, obtained from solving (2.3) is multiplied by a
unit vector to indicate flow toward the line sink at point pi in (2.4). Since (2.3) is
based on (2.2), the same ideal fluid assumptions must also apply. Note that (2.4) does
not model the complex fluid dynamics that may be present at the oil/water interface.
The effect of the vector field vr on the scalar field of oil thickness h(q, t) can be
10
modelled similarly to the advection term ∇ · (hA). We introduce this term to (2.1)
as
∂h
∂t
= Cp∇2h3 −∇ · (hA)−
N∑
i=1
(∇ · (hvr(r)))i (2.5)
Reflection on the limitations of the model given in (2.5) is warranted. As q → pi,
(2.4) grows unbounded. Therefore, we restrict the applicability of (2.4) and (2.5) to
Q. Another way to describe this is to say (2.4) describes a vector field in Q resulting
in a sink at point pi and (2.5) describes the rate change of oil thickness in Q.
Although the models given by (2.4) and (2.5) do not apply within Ai, the system
being considered still has a physical interpretation in this region. We can consider Ai
as a region where the sink is directly removing oil from the system. Since each clean-
up agent has a physical limit on the removal rate (given by m˙), we consider these
removal effects directly. For example, consider a vacuum-type remediation device
with a slotted pipe with known diameter, φ, through which oil is removed (Figure
2·3). In this case, the model given by (2.4) would apply up to the boundary of the
pipe, designated as ∂Ai. Within ∂Ai, we assume the volumetric removal rate m˙
governs the behaviour of the system.
The effect of the position of the ith agent on spreading of the oil slick is described in
the final term on the right hand side of (2.5). We have defined Ai as a region where
the oil removal by the clean-up agent is the dominant process (i.e., this is where
physical removal of oil from the system occurs) and the removal rate is bounded by
m˙. So long as the volume of oil within Ai is greater than m˙ (the physical limit of
our clean-up device), we are maximizing the rate of removal within Ai. Therefore,
the instantaneous volumetric oil removal by a clean-up agent is maximized when the
agent is located in a sufficiently thick part of the oil spill.
11
Figure 2·3: Depiction of a conceptual remediation device with a cylin-
drical slotted pipe with cross sectional area Ai. The magnitude of the
flow field in Q described by ‖vr(r)‖ is shown in red. Within Ai the
behaviour of the system is characterized by the removal rate mout.
12
Chapter 3
Proposed Clean-Up Agent Controller
3.1 Controller Derivation
We consider the configuration of N clean-up agents defined by the vector P . Each of
the N agents is assumed to have simple integrator dynamics
p˙i = ui (3.1)
The objective of the controller will be to direct the clean-up agents toward posi-
tions that maximize the rate of oil removal within Q′. We will consider Q′ to be a
defined region with no flux across the boundary ∂Q′. This region Q′ could be estab-
lished, for instance, by containing some volume of oil vt with a containment boom.
In other words, any oil leaving the system occurs at the locations of each of the N
sinks, delineated by the boundary ∂Ai. The total volume of oil contained within the
region Q′ can be expressed in the following form
vt =
∫
Q′
h(q, t) dq (3.2)
where vt is the total volume within Q
′. Taking the derivative of both sides of (3.2)
provides an expression for the rate change of the oil volume contained within the
region Q′.
13
v˙t =
d
dt
∫
Q′
h(q, t) dq
=
∫
Q′
∂h
∂t
dq (3.3)
As described in Section 2.2, since the rate of oil removal within Ai is bounded
by m˙, we are primarily interested with maximizing the oil removal in the region Q.
Therefore we consider the integral in (3.3) over the region Q, not Q′. This also ensures
that the integrand remains defined as in (2.5). From this we form the cost function
H =
∫
Q
∂h
∂t
dq (3.4)
and gradient
dH
dt
=
∂H
∂P
T
P˙
=
 ∂
∂P
∫
Q
∂h
∂t
dq
T P˙ (3.5)
where
∂H
∂P =
[
∂H
∂p1
T
, ...
∂H
∂pi
T
, ...
∂H
∂pN
T]T
(3.6)
This is an intuitive cost function, describing the instantaneous rate change of oil
within the region Q. By minimizing this cost function with respect to the vector P ,
the N agents will move toward configurations that maximize the rate of oil removal
14
from Q. However, since the oil height in Q time-variant, it is not guaranteed that
global, or even local, optimal configurations are achieved. For analysis of (3.5) we
calculate the gradient of the instantaneous cost function with respect to the ith agent,
pi.
Theorem 3.1.1.
∂H
∂pi
= −K
∫
Q
2
(q − pi)
‖q − pi‖2 ((pi − q) · ∇h) +
1
‖q − pi‖2∇h dq (3.7)
Proof. From (3.5) we obtain
∂H
∂pi
=
∂
∂pi
∫
Q
∂h
∂t
dq (3.8)
The partial derivative given in the integrand of (3.8) can be replaced by the modified
spreading function given in (2.5). This yields
∂H
∂pi
=
∂
∂pi
∫
Q
Cp∇2h3 −∇ · (hA)−∇ · (hvr) dq (3.9)
since neither Cp∇2h3 nor ∇ · (hA) are functions of pi, distribution of the derivative
in (3.9) yields
=
∂
∂pi
∫
Q
−∇ · (hvr) dq (3.10)
We apply the divergence identity to the integrand in (3.10) to separate the terms
=
∂
∂pi
∫
Q
− (h∇ · (vr) + vr · ∇h) dq
=
∂
∂pi
∫
Q
−
(
h∇ · m (pi − q)
2piH¯‖q − pi‖2 +
m (pi − q)
2piH¯‖q − pi‖2 · ∇h
)
dq (3.11)
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We formulated (3.11) by inserting the definition of vr given in (2.4). We can simplify
(3.11) by extracting the constant terms from the integrand and collecting them in a
single term, K = m
2piH¯
. We show that the first term of the integrand reduces to zero,
further simplifying (3.11).
= −K ∂
∂pi
∫
Q
(
h∇ · (pi − q)‖q − pi‖2 +
(pi − q)
‖q − pi‖2 · ∇h
)
dq
= −K ∂
∂pi
∫
Q
(
h
(
−2‖q − pi‖2
‖q − pi‖4 −
2 (pi − q)T (q − pi)
‖q − pi‖4
)
+
(pi − q)
‖q − pi‖2 · ∇h
)
dq
= −K ∂
∂pi
∫
Q
(
h
( −2
‖q − pi‖2 +
2‖q − pi‖2
‖q − pi‖4
)
+
(pi − q)
‖q − pi‖2 · ∇h
)
dq
= −K ∂
∂pi
∫
Q
(
h
( −2
‖q − pi‖2 +
2
‖q − pi‖2
)
+
(pi − q)
‖q − pi‖2 · ∇h
)
dq
= −K ∂
∂pi
∫
Q
(pi − q)
‖q − pi‖2 · ∇h dq (3.12)
The derivative can be distributed through the integrand of (3.12). Noting that
∂
∂pi
∇h = 0, this yields
= −K
∫
Q
∂
∂pi
(
(pi − q)
‖q − pi‖2 · ∇h
)
dq
= −K
∫
Q
(‖q − pi‖2
‖q − pi‖4 [ 1 1 ]
T + (pi − q)⊗ 2 (q − pi)‖q − pi‖6
)
· ∇h dq
= −K
∫
Q
2
(q − pi)
‖q − pi‖2 ((pi − q) · ∇h) +
1
‖q − pi‖2∇h dq (3.13)
The formulation given in (3.7) indicates that the spatial gradient of oil, ∇h, in
Q is the primary driver behind the gradient of the cost function. This agrees with
the intuition that if we want to minimize the rate change in oil thickness given in
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(3.4), we require knowledge of the manner in which oil is propagating through Q.
Furthermore, since the right-hand side of (2.5) is a function of ∇h, it is reasonable
that (3.13) is also a function of ∇h.
Inserting (3.7) into (3.5) yields
dH
dt
= −K
N∑
i=1
∫
Q
2 (q − pi)
‖q − pi‖4 ((pi − q) · ∇h) +
1
‖q − pi‖2∇h dq
 p˙i (3.14)
(3.15)
In order to minimize the cost function (3.4) we select p˙i such that
dH
dt
is negative
definite and proportional to the gradient. The natural choice for pi is then
p˙i = −c ∂H
∂pi
= −c
−K N∑
i=1
∫
Q
2 (q − pi)
‖q − pi‖4 ((pi − q) · ∇h) +
1
‖q − pi‖2∇h dq
 (3.16)
Considering P˙ = [p˙T1 , ...p˙Ti , ...p˙TN]T , our selection of p˙i in (3.16) yields
dH
dt
= −c ‖∂H
∂P ‖
2 (3.17)
where c is a constant used to scale the dynamics of p˙i.
The integrand of (3.16) consists of two vector terms. The first term is a scaled
projection of ∇h onto the unit vector directed from pi to q. The physical interpre-
tation of this term is that pi moves toward (or away) from q at a rate proportional
to the spreading of oil at q. The second term is a vector describing how the oil is
spreading at point q. The sum of these vectors describes how pi moves in relation to
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q, with an adjustment in the direction of ∇h. An intuitive way to consider this is
that pi moves to “intercept” the oil as it spreads away from q.
3.2 Controller Properties
The control law given in (3.16) has several innate properties that should be considered.
Theorem 3.2.1 (Boundedness). Let Q′ be a compact region in R2. Then p˙i is
bounded.
Proof. From (2.5) we observe that
∂h
∂q
and
∂2h
∂q2
exist. Therefore, h(q, t) is C1 and ∇h
is continuous and differentiable. Since Q′ is a compact region, by the Extreme Value
Theorem, there exists a maximum and minimum value of ∇h, and it is therefore
bounded.
Next we consider that the distance ‖q − pi‖ can be bounded from above by the
maximum distance in Q′. For example, let Q′ represent a square region with sides of
length `. Then the maximum distance in Q′, dmax, can calculated by dmax =
√
2`2 =
`
√
2 and dmax ≥ ‖q− pi‖, ∀q ∈ Q, ∀t ≥ 0. Likewise, the distance ‖q− pi‖ is bounded
from below by the distance from pi to the closest point on ∂Ai. For example, let ∂Ai
define a circle around pi with radius φ. Then ‖q − pi‖ is bounded from below by φ.
Since ‖q − pi‖ is bounded from below, ‖q − pi‖−1 ≤ φ−1.
Since ∇h is bounded and ‖q− pi‖ is bounded, the integrand in (3.16) is bounded
and therefore p˙i is bounded.
From this, we conclude that the velocity of the ith agent described in (3.1) remains
bounded. Next we want to ensure that when all the oil has been removed from the
system, the clean-up agents stop moving.
Theorem 3.2.2 (Equilibrium at vt = 0). Let vt = 0. Then p˙i = 0.
Proof. The relationship between volume and the height of oil in Q′ is given by (3.2).
When the volume vt = 0, the right hand side of (3.2) must equal zero. Since h ≥
0 ∀ t ≥ 0, this implies h = 0. If h = 0, ∇h = 0. Therefore the integrand of (3.16) is
zero and p˙i = 0.
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The last property of (3.16) is Collision Avoidance. This concept is intuitive and
is not proven mathematically. In order to avoid collisions, a limit on the minimum
distance between two agents is required. To evaluate this property, let us consider
a system of two agents pi and pj in a region with a uniform oil thickness h. The
gradient ∇h at a point q ∈ Q is then determined solely by the removal rate of
each agent. Figure 3·1(a) shows the signs of ∇h around a single agent, where a
Cartesian coordinate system is used for convenience. For symmetrical points q and
−q immediately surrounding pi, the effects of ∇h are equal and opposite, and cancel
in the integrand of (3.16).
When two agents, pi and pj are located near each other, as in Figure 3·1(b), the
effects of symmetrical points q and −q immediately surrounding pi do not cancel.
This results in a negative bias at point pi and positive bias at point pj. The net effect
of this bias is to drive the agents at pi and pj away from each other.
Figure 3·1: Top: Spatial gradient around a single agent. Bottom:
Spatial gradient around two proximally located agents.
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The primary drawback of (3.16) is that it requires knowledge of ∇h for the entire
region Q at each time step. Since we cannot measure ∇h directly with N agents, this
means we must calculate the oil thickness for each point in Q using (2.5).
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Chapter 4
Simulation
4.1 Simulation Parameters
The control law given in (3.16) was simulated using MATLAB. The performance of
the controller was compared to the performance of static clean-up agents and clean-up
agents moving along random paths. The total volume of oil removed from the region
Q′ by the N agents was the performance metric used to evaluate the performance of
each system. The simulation resulting in a greater volume of oil being removed over
the simulation period was considered to be more effective at oil spill remediation.
In order to simulate our control law, we completed two sets of calculations. First,
we solved (2.5) to determine the oil thickness in Q. We accomplished this using the
fractional time step method employed by Benque´ (Benque´ et al., 1982)(Hundsdorfer,
2000). The fractional time step method is outlined below, where we employ Cartesian
coordinates to facilitate evaluation
∂h1
∂tf
= −U ∂h0
∂x
− vr ∂h0
∂x
(4.1)
∂h2
∂tf
= −V ∂h1
∂y
− vr ∂h1
∂y
(4.2)
∂h3
∂tf
= Cp
∂2h32
∂x2
(4.3)
∂h4
∂tf
= Cp
∂2h33
∂y2
(4.4)
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where h1, h2, and h3 are intermediate height values, and h4 is the final height value
after a time step ∂t. The term ∂tf represents equally-spaced time steps between t0
and t1. The vector A = [U , V ] describes the environmental factors influencing oil
spreading. Solutions to each of the equations above can be approximated using a
first-order accurate forward-time finite difference numerical approximation.
To address the spatial gradient term ∇h, we use a first-order accurate upwind
finite difference numerical approximation. An upwind scheme is a typical method
for estimating equations such as those given in (4.1). As the term suggests, the
upwind approximation calculates the spatial gradient in the direction that information
propagates. That is
∂h
∂x
=
hx − hx−1
δx
for U ≥ 0 (4.5)
∂h
∂x
=
hx+1 − hx
δx
for U ≤ 0 (4.6)
To approximate the second derivative terms in (4.1), we use a second-order accu-
rate central finite difference numerical approximation.
∂2h3
∂x2
=
h3x+1 − 2h3x + h3x−1
δx2
(4.7)
We can approximate the oil thickness h(q, t) throughout the grid at each time step
using (4.1), (4.5), and (4.7) (and their counterparts in the y-direction). Finally, we
can calculate p˙i from (3.16) with a first-order accurate forward-time finite difference
method, similar to (4.1).
The selection of the U and V values represent calm seas on the Beaufort scale.
While these values impose only a slight directional component to oil spreading, using
calm sea values allows us to better observe the effects of the clean-up agents. For
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System Parameters
U 0.0224 m/s Vector A component
V 0.0124 m/s Vector A component
Cp 7.78x10
4 s−1 Diffusion-like coefficient
K 5.53x105 m2/s Oil removal constant
Simulation Parameters
Q′ 1, 000 x 1, 000 m2 Simulation area dimensions
δx 20 m Step-size in x-direction
δy 20 m Step-size in y-direction
Vtotal 10, 000 m
3 Volume of initial release
Tmax 4 hrs Duration of simulation
Ai 20 x 20 m
2 Excluded region around each agent
H¯ 400 m Normalizing height
N 10 Number of agents
c 1.00x106 Scaling coefficient for agent velocity
m 500 m3/s Volumetric removal rate for each agent
Table 4.1: System parameters used in simulations.
simplicity, each of the N agents is modelled identically although one could consider
a case where each agent is modelled with different volumetric removal rates.
Simulations were conducted for static, random path, and controlled agents. The
system parameters used in solving (2.5) and simulation-specific parameters are given
in Table 4.1. All simulations were conducted with the same random initial configura-
tion of agents and the same starting oil volume and release area, as shown in Figure
4·1.
The region surrounding each agent, Ai, was designated to reflect one 20 x 20 grid
in the simulation area. This allows each agent’s location to be represented by a grid
and ensures that qj 6= pi. Likewise, the normalizing height H¯ was selected to reflect
the area of one 20 x 20 grid. Since m represents a volumetric removal rate, dividing
m by the area of a grid yields the uniform linear removal rate mL for the region Ai.
Recalling that our definition of K includes the ratio m
H¯
, if we let H¯ equal the area of
a grid we make K a function of mL.
The final component for designing the simulation is to develop boundary condi-
tions for the partial differential equation in (2.5). To represent an enclosed region,
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Figure 4·1: Initial configuration and oil spill release area for each
simulation (t = 0:00 hours).
such as an area surrounded by a containment boom, we want the flux across the
boundary ∂Q′ to be 0. We implement a Neumann boundary condition for each step in
(4.1) when updating the oil thickness in the simulation region. Implementing bound-
ary conditions in a fractional time step method is difficult and a general method has
not been established (Hundsdorfer, 2000). The accuracy of the Neumann boundary
condition formulations used in our simulation was confirmed by demonstrating that,
in the absence of the effect of clean-up agents, the total volume of oil within the
containment remains constant.
Figure 4.1(a)-(e) shows the simulation area at one-hour intervals through the four-
hour simulation. Figure 4.1(f) shows the total volume of oil within the simulation area
Q′ over the four-hour simulation. Note that the volume of oil in Figure 4.1(f) remains
constant. As expected with a boundary, such as a containment boom, when oil
reaches the simulation boundary it accumulates and spreads parallel to the boundary
as shown in Figure 4.1(b). The influence of the directional components U and V can
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(a) (b)
(c) (d)
(e) (f)
Figure 4·2: Oil spreading in simulation area without clean-up effects:
(a) t = 0:00 hours; (b) t = 1:00 hours; (c) t = 2:00 hours; (d) t = 3:00
hours; (e) t = 4:00 hours; (f) Total Volume of Oil Removed
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be observed in Figure 4.1(d) and (e). In these figures, oil has spread to the upper
right corner of the simulation area (in the direction of U and V), while significant
spreading to the bottom left corner of the simulation area is not present.
Controlled Agents
A system of N = 10 agents with dynamics governed by the control algorithm given
in equation 3.16 was simulated for a four-hour period. The integral in (3.16) was
approximated as a Riemann sum
p˙i = c
−K ∫
Q
2 (qj − pi)
‖qj − pi‖4 ((pi − qj) · ∇h) +
1
‖qj − pi‖2∇h dq
T
= −cK
n∑
j=1
m∑
k=1
(
2 (qj,k − pi)
‖qj,k − pi‖4 ((pi − qj,k) · ∇h) +
1
‖qj,k − pi‖2∇h
)
δxδy (4.8)
(4.9)
and the agent dynamics, p˙i, was computed using a forward finite difference method
in time and a central finite difference method in space. The oil was allowed to spread
according to (2.5).
Randomly Moved Agents
Random path clean-up agents were directed toward the center of the initial release
area. These agents are intended to simulate the behaviour of clean-up devices that are
either pre-programmed with a heading or given manual direction (i.e., by a spotter)
to head toward the location of the release.
Randomly influenced dynamics were simulated by providing each agent with an
initial heading toward the release area. The heading was then allowed to randomly
deviate from the heading by a random angle from −pi
2
to +
pi
2
. The components of
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the resulting vector were assigned scaled to 10−5 and replaced the integral in (3.16).
The random vector was then used to update the position of the ith agent. The oil
was allowed to spread according to (2.5).
Static Agents
Static clean-up agents represent manual deployment of fixed clean-up devices with-
out means of propulsion. Static clean-up devices were included in the simulations
for randomly-deployed clean-up agents for comparison. Static clean-up agents were
restricted to their initial position for the duration of the simulation while the oil was
allowed to spread according to (2.5). Static clean-up agents were only included in
simulations with random initial deployments for comparison.
4.1.1 Simulation Results
Random Initial Deployment - Calm Wind
The three types of clean-up agents (static, random, and controlled) were deployed in
the initial configuration shown in Figure 4·1 and the simulation parameters outlined
in Table 4.1. The performance of the three types of clean-up agents (static, random,
and controlled) was evaluated by calculating the total volume of oil removed from
the region Q′ over the course of the simulation. Figure 4·3 compares the performance
of each system. The total volume of oil remaining within Q′ over the course of the
simulation is shown in Figure 4·4.
The clean-up agents moving according to the control law given in (3.16) showed
the best performance. The performance of the clean-up agents with random paths
was slightly worse than the controlled agents. As expected, the static agents showed
the worst performance of the three systems.
The results of the simulation are shown in half-hour increments in Figures 4·5
- 4·13. Each simulation image is shown with a fixed color scale ranging from 0 to
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Figure 4·3: Total volume of oil removed from Q′ during each of the
three simulations with random initial deployment and calm winds.
0.015m, which is 1.5 times the steady-state height value. (The steady-state height
value is the oil thickness that would result if there was an even distribution of oil
across the entire simulation area, Q′, in the absence of clean-up activities). Agents
were deployed in the same initial configuration shown in Figure 4·5. The pathways
taken by the dynamic agents are shown in Figure 4·14.
Comparison of the oil removal rate for the three simulations (Figure 4·4) reveals
several similarities in the performance of the clean-up agents. All three simulations
underwent an initial period with a slowly increasing removal rate (approximately
0:00 to 0:40 hours; 0 to 2,500 seconds). During this period, the oil was concentrated
near the initial release area and had not spread to clean-up agents located far from
the initial release area (Figure 4·6). Clean-up agents located outside the spill area
and agents located near the edge of the plume are not able to maximize their removal
rate. Dynamic agents had not fully moved into the spill area during this initial period.
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(a) (b)
(c)
Figure 4·4: Volume of oil remaining in the simulation area Q′ over
the four-hour simulation period (random initial deployment and calm
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·5: Oil thickness in simulation area and configuration of
agents at t = 0:00 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
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(a) (b)
(c)
Figure 4·6: Oil thickness in simulation area and configuration of
agents at t = 0:30 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
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(a) (b)
(c)
Figure 4·7: Oil thickness in simulation area and configuration of
agents at t = 1:00 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
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(a) (b)
(c)
Figure 4·8: Oil thickness in simulation area and configuration of
agents at t = 1:30 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
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(a) (b)
(c)
Figure 4·9: Oil thickness in simulation area and configuration of
agents at t = 2:00 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
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(a) (b)
(c)
Figure 4·10: Oil thickness in simulation area and configuration of
agents at t = 2:30 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
35
(a) (b)
(c)
Figure 4·11: Oil thickness in simulation area and configuration of
agents at t = 3:00 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
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(a) (b)
(c)
Figure 4·12: Oil thickness in simulation area and configuration of
agents at t = 3:30 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
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(a) (b)
(c)
Figure 4·13: Oil thickness in simulation area and configuration of
agents at t = 4:00 Hours (random initial deployment and calm winds):
(a) Controlled Simulation; (b) Random Simulation; (c) Static Simula-
tion.
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However, the controlled agents showed better positioning, with more agents in the
thicker part of the spill, (Figure 4·6(a)) compared to the randomly moving (Figure
4·6(b)) and static (Figure 4·6(c)) agents.
An intermediate phase exists between 0:40 and 2:45 (2,500 to 10,000 seconds)
with a relatively constant removal rate (Figures 4·7 - 4·10). During this period, the
oil plume has spread sufficiently far and the majority of agents are located at areas
that allow for maximum or near-maximum oil removal. Comparison of the simulation
with controlled agents with the random and static agent simulations reveals several
key differences. Two agents in the upper left corner of Figure 4·7(a) are located in a
thicker part of the oil plume compared to Figures 4·7(b) and 4·7(c). Five agents along
the right side of Figure 4·7(a) are also positioned in a thicker part of the oil plume
compared to Figures 4·7(b) and 4·7(c). This difference in this positioning becomes
more apparent in Figure 4·8 and 4·9.
Figure 4·10 highlights the effect of the superior positioning of the clean-up agents
positioned by (3.16). The upper left corner of Q′ in Figure 4·10(a) shows a significant
reduction in the thickness of oil compared to the randomly moved (Figure 4·10(b))
and static (Figure 4·10(c)) clean-up agents.
The final phase is characterized by a reduction in the removal rate (2:30 to 4:00
hours; 10,000 to 14,400 seconds). This occurs as the oil spreads and in many areas
is not thick enough to allow for maximum removal. Interestingly, this also causes a
reduction in the performance of the clean-up agents moved by the control law in (3.16).
It appears that as the oil approaches a more uniform thickness, the gradient ∇h that
drives (3.16) reduces in magnitude. In turn, this causes the controller to become less
effective at directing the clean-up agents toward better positions; the magnitude of the
integrand in (3.16) becomes increasingly small. Since the simulation with controlled
agents experiences the same reduction in removal as the randomly moved and static
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clean-up agents, this suggests that the majority of performance gains were realized
during the intermediate phase.
The pathway in Figure 4·14(a) shows the effect of the control law on the motion of
the clean-up agents. The two agents located in the upper left corner of the simulation
area and one agent located in the top-central portion of the simulation area showed
the greatest movement. These agents were also located closest to, but outside, the
initial release area. This suggests they benefited the most from the high spatial
gradient at the outset of the simulation.
The clean-up agents located along the right side and bottom of Q′ in Figure 4·14(a)
moved toward the plume, in roughly linear pathways perpendicular to the spreading
boundary. The rate at which these agents moved toward the oil spill was slower than
the three agents located close to the initial release. The agents located along the right
side and bottom of Q′ appear to suffer the most from the reduction in magnitude of
∇h as the oil approached a uniform thickness.
The agent that started within the initial release area did not show significant
motion over the course of the simulation. Interestingly, the one agent located in the
upper right corner of Q′ also did not show significant motion over the course of the
simulation. The reason for this is not apparent, but may be the result of oil removal
effects from the two near-by agents. This would be similar to the repulsion argument
presented in Section 3.2.
It is worth noting since the controller in equation 3.16 is a function of the spatial
gradient of h(q, t), the minimization of v˙t is accomplished by positioning agents at
regions with the highest spatial variation. This does not necessarily equate to the
spreading boundary or the thickest part of the oil spill. In fact, the greatest spatial
variation may be located along the containment boundary as oil accumulates, or it
may be located at the inflection point of spreading that has a gaussian-like profile.
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(a) (b)
(c)
Figure 4·14: Agent pathways taken over the four-hour simulation
period (random initial deployment and calm winds): (a) Controlled
Simulation; (b) Random Simulation; (c) Static Simulation.
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Figure 4·15: Total volume of oil removed from Q′ during each of the
three simulations with random initial deployment and moderate winds.
Random Initial Deployment - Moderate Wind
The static, random, and controlled clean-up agents were deployed in the initial con-
figuration shown in Figure 4·1, with the values for U and V increased to NEWU and
NEWV , respectively, to simulate a moderate wind speed (Beaufort Scale Value of 4).
As with the simulation for clam wind, the performance of the three types of clean-up
agents (static, random, and controlled) was evaluated by calculating the total volume
of oil removed from the region Q′ over the course of the simulation. Figure 4·15
compares the performance of each system. The total volume of oil remaining within
Q′ over the course of the simulation is shown in Figure 4·16.
The clean-up agents moving according to the control law given in (3.16) and ran-
domly moving agents showed similar performance for the majority of the simulation.
Between 2:30 and 4:00 hours (9,000 to 14,400 seconds), the clean-up agents moving
according to the control law showed better performance than the randomly moving
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agents (Figure 4·15). Unlike the simulation with calm winds, the randomly moving
and static clean-up agents had similar performance with moderate winds.
The results of the simulation are shown in half-hour increments in Figures 4·17
- 4·25. Each simulation image is shown with a fixed color scale ranging from 0 to
0.015m, which is 1.5 times the steady-state height value. (The steady-state height
value is the oil thickness that would result if there was an even distribution of oil
across the entire simulation area, Q′, in the absence of clean-up activities). Agents
were deployed in the same initial configuration shown in Figure 4·17. The pathways
taken by the dynamic agents are shown in Figure 4·26.
The moderate wind effect resulted in nearly all of the oil accumulating in the upper
right portion of the simulation area. As the oil spread toward the upper right portion
of the simulation area, the randomly moving agents moved toward the center of the
initial release, according to their initial heading vector. Conversely, the controlled
agents moved toward the upper right portion of the simulation area. This resulted in
better performance for the controlled clean-up agents toward the end of the simulation
period (Figure 4·15.
Comparison of the controlled and randomly moving clean-up agents in Figure 4·25
shows four clean-up agents outside the oil spill in the controlled agent simulation ver-
sus five clean-up agents outside the oil spill in the random agent simulation. Despite
this one-agent difference, Figure 4·15 indicates approximately 100 cubic meters more
of oil was removed by the controlled agents. The positioning of the controlled agents
in thicker parts of the oil slick (along the boundaries) may enable the controlled
clean-up agents to maximize their removal effectiveness.
Five clean-up agents in the controlled agent simulation remained near their initial
location. Four of these agents were located outside of the oil slick by 2:30 hours
(Figure 4·22). The underlying reason for the absence of motion in these agents over
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(a) (b)
(c)
Figure 4·16: Volume of oil remaining in the simulation areaQ′ over the
four-hour simulation period (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
44
(a) (b)
(c)
Figure 4·17: Oil thickness in simulation area and configuration of
agents at t = 0:00 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·18: Oil thickness in simulation area and configuration of
agents at t = 0:30 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·19: Oil thickness in simulation area and configuration of
agents at t = 1:00 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·20: Oil thickness in simulation area and configuration of
agents at t = 1:30 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·21: Oil thickness in simulation area and configuration of
agents at t = 2:00 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·22: Oil thickness in simulation area and configuration of
agents at t = 2:30 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·23: Oil thickness in simulation area and configuration of
agents at t = 3:00 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·24: Oil thickness in simulation area and configuration of
agents at t = 3:30 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·25: Oil thickness in simulation area and configuration of
agents at t = 4:00 Hours (random initial deployment and moderate
winds): (a) Controlled Simulation; (b) Random Simulation; (c) Static
Simulation.
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(a) (b)
(c)
Figure 4·26: Agent pathways taken over the four-hour simulation pe-
riod (random initial deployment and moderate winds): (a) Controlled
Simulation; (b) Random Simulation; (c) Static Simulation.
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Figure 4·27: Total volume of oil removed from Q′ during each of
the three simulations with an initial deployment at the location of the
release.
the course of the simulation is unclear; the controlled clean-up agents appear to have
adopted their approximate final configuration between 0:30 and 1:00 hours (Figures
??(a) and ??(b)). This may be due to the decrease in magnitude of the spatial
gradient term ∇h.
Deployment at Release
Deployment of clean-up agents from a vessel at the location of the initial release was
simulated by placing the initial configuration of clean-up agents near the corner of
the initial release area. The parameters used for this simulation are given in Table
4.1. The initial configuration of these clean-up agents is shown in Figure ??. Both
randomly moving and controlled clean-up agents were simulated from this starting
condition.
The clean-up agents moving according to the control law given in (3.16) showed
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(a) (b)
Figure 4·28: Volume of oil remaining in the simulation area Q′ over
the four-hour simulation period (initial deployment at the location of
the release): (a) Controlled Simulation; (b) Random Simulation.
the best performance. The performance of the clean-up agents with random paths
was slightly worse than the controlled agents. Both the controlled and randomly
moving clean-up agents showed similar removal patterns, with a high initial removal
rate followed by a gradually decreasing removal rate. This is consistent with the
positioning of the clean-up agents in the initial release area; as the oil spread away
from the initial release area, the effectiveness of the clean-up agents began to decrease.
The results of the simulation are shown in half-hour increments in Figures ??
- 4·37. Each simulation image is shown with a fixed color scale ranging from 0 to
0.015m, which is 1.5 times the steady-state height value. (The steady-state height
value is the oil thickness that would result if there was an even distribution of oil
across the entire simulation area, Q′, in the absence of clean-up activities). Agents
were deployed in the same initial configuration shown in Figure ??. The pathways
taken by the dynamic agents are shown in Figure 4·38.
The most noticeable effect of the controller is shown in Figure ?? where the con-
trolled agents disperse radially from their initial location. Conversely, the randomly
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(a) (b)
Figure 4·29: Oil thickness in simulation area and configuration of
agents at t = 0:00 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
(a) (b)
Figure 4·30: Oil thickness in simulation area and configuration of
agents at t = 0:30 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·31: Oil thickness in simulation area and configuration of
agents at t = 1:00 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
(a) (b)
Figure 4·32: Oil thickness in simulation area and configuration of
agents at t = 1:30 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·33: Oil thickness in simulation area and configuration of
agents at t = 2:00 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
(a) (b)
Figure 4·34: Oil thickness in simulation area and configuration of
agents at t = 2:30 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·35: Oil thickness in simulation area and configuration of
agents at t = 3:00 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
(a) (b)
Figure 4·36: Oil thickness in simulation area and configuration of
agents at t = 3:30 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·37: Oil thickness in simulation area and configuration of
agents at t = 4:00 Hours (deployment at the location of the release):
(a) Controlled Simulation; (b) Random Simulation.
moving agents, which have a heading toward the center of the initial release area,
maintain their formation. This results the in the randomly moving agents remaining
clustered and reducing their net effectiveness; the controlled agents are capable of
spreading out away from the initial location (which has a low volume of remaining
oil).
Aside from the initial dispersal of the controlled agents, the two simulations appear
to be relatively similar. In Figure 4·37, the effect of the initial dispersal of clean-up
agents in the controlled simulation is apparent. The oil near the lower left corner of
the simulation area is noticeably thinner (Figure 4·37(a)) compared to the randomly
moving agents (Figure 4·37(b)).
The radial dispersal of the controlled clean-up agents is apparent in Figure 4·38(a).
The randomly moving clean-up agents maintain their formation as they move toward
the center of the release (Figure 4·38(b)).
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(a) (b)
Figure 4·38: Agent pathways taken over the four-hour simulation
period (deployment at the location of the release): (a) Controlled Sim-
ulation; (b) Random Simulation.
Deployment at Boundary of Q′
Deployment of clean-up agents from a dedicated remediation vessel was simulated
by placing the initial configuration of clean-up agents along the boundary of the
simulation region Q′. The simulation parameters used are shown in Table 4.1. The
initial configuration of these clean-up agents is shown in Figure ??. Both randomly
moving and controlled clean-up agents were simulated from this starting condition.
The clean-up agents moving according to the control law given in (3.16) removed a
greater volume of oil over the four-hour simulation than the randomly moving agents.
The controller-directed clean-up agents removed approximately 150 cubic meters of
oil more than the randomly moving agents.
The results of the simulation are shown in half-hour increments in Figures 4·41
- 4·49. Each simulation image is shown with a fixed color scale ranging from 0 to
0.015m, which is 1.5 times the steady-state height value. (The steady-state height
value is the oil thickness that would result if there was an even distribution of oil
across the entire simulation area, Q′, in the absence of clean-up activities). Agents
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Figure 4·39: Total volume of oil removed from Q′ during each of the
three simulations with an initial deployment along the boundary of Q′.
(a) (b)
Figure 4·40: Volume of oil remaining in the simulation area Q′ over
the four-hour simulation period (initial deployment at the boundary of
Q′): (a) Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·41: Oil thickness in simulation area and configuration of
agents at t = 0:00 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
were deployed in the same initial configuration shown in Figure 4·41. The pathways
taken by the dynamic agents are shown in Figure 4·50.
As shown in Figure 4·40, both agents exhibited little to no oil removal between
0:00 and 0:30 hours (0 to 1,800 seconds). During this period, all clean-up agents in
both simulations were situated near the lower left corner of Q′ and the oil had not
spread to this location (Figure 4·42).
Both simulations began removing oil between 0:30 and 1:00 hours (1,800 to 3,600
seconds), with the randomly moving clean-up agents showing a more gradual increase
in the removal rate of oil. Figure 4·43 shows the positioning of the clean-up agents
during this phase. The controlled simulation shows three clean-up agents which moved
approximately 200 meters into the oil slick (Figure 4·43(a)). The remainder of the
clean-up agents are located along the bottom edge of the simulation area. These
agents moved downward significantly as a result of the initial downward spreading
of the oil. The randomly moving clean-up agents retain their initial formation, with
four clean-up agents engaging the edge of the oil spill (Figure 4·43(b)).
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(a) (b)
Figure 4·42: Oil thickness in simulation area and configuration of
agents at t = 0:30 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
(a) (b)
Figure 4·43: Oil thickness in simulation area and configuration of
agents at t = 1:00 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·44: Oil thickness in simulation area and configuration of
agents at t = 1:30 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
(a) (b)
Figure 4·45: Oil thickness in simulation area and configuration of
agents at t = 2:00 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·46: Oil thickness in simulation area and configuration of
agents at t = 2:30 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
(a) (b)
Figure 4·47: Oil thickness in simulation area and configuration of
agents at t = 3:00 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·48: Oil thickness in simulation area and configuration of
agents at t = 3:30 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
(a) (b)
Figure 4·49: Oil thickness in simulation area and configuration of
agents at t = 4:00 Hours (deployment at the boundary of Q′): (a)
Controlled Simulation; (b) Random Simulation.
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(a) (b)
Figure 4·50: Agent pathways taken over the four-hour simulation
period (deployment at the boundary of Q′): (a) Controlled Simulation;
(b) Random Simulation.
Between 1:00 and 4:00 hours, both simulations showed a steady removal of oil
from the simulation area. The controlled simulation never recovered from the ini-
tial downward motion of the clean-up agents. A manually-imposed restriction in the
simulation prevented agents from leaving Q′. This resulted in six agents in the con-
trolled simulation remaining collocated due to the initial clustering along the bottom
boundary of Q′ (Figure 4·45(a)). Despite this, the simulation with controlled clean-
up agents still showed a greater volume of oil removed over the four-hour period. By
3:00 hours, all randomly moving clean-up agents were located within the boundaries
of the oil spill (Figure 4·47(b)).
The influence of the initial downward spreading of the oil on the motion of the
controlled clean-up agents is apparent in Figure 4·50. All agents executed a swoop-
like motion, dipping toward the bottom of Q′ before moving upward toward the bulk
of the oil spill. As mentioned previously, this had the effect of forcing six agents to
collocate since they were constrained to remain in Q′.
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Chapter 5
Conclusion
5.1 Findings
This thesis presents the framework for a control strategy to govern the configuration
of multiple clean-up devices. The introduction of autonomous devices as an additional
strategy for oil spill remediation is a little studied area. However, the findings from
this thesis suggest that such an approach may be feasible and additional research is
needed.
The performance of the three types of clean-up agents (static, random dynamics,
and controlled dynamics) was evaluated by comparing the total volume of oil removed
over the four four-hour simulations (Figures 4·3, 4·15, 4·27, and 4·39). The static
agents showed the worst performance of the three types of clean-up agents in the
simulation with calm wind and comparable performance to randomly moving clean-
up agents in the simulation with moderate wind. The controlled agents showed the
better performance than the random and static agents in all four simulations.
A loss of performance was experienced toward the end of each of the four sim-
ulations, and was consistent for each of the three types of clean-up agents. The
performance loss was the result of oil spreading causing the plume to thin to a point
where clean-up agents were unable to maximize their oil removal rate. This effect was
also apparent with the controlled agents. The control law in (3.16) appears to lose ef-
fectiveness as the oil spill approaches a uniform thickness. Addressing this deficiency
could prolong the period of improved performance of the controller.
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These findings indicate that configuring clean-up agents according to a control
law, such as that given in (3.16), can provide modest performance gains compared
to random or static deployments. One of the primary advantages to implementing
a control strategy, such as that proposed in this thesis, lies in its scalability. The
simulations with agents deployed at the location of the initial release (Figure 4·38)
and with moderate winds (Figure 4·26) highlight the need to continuously update
and individually monitor the headings of clean-up agents. For systems comprised of a
significant number (e.g., hundreds) of autonomous clean-up devices, this may present
practical limitations. The proposed control algorithm could potentially deploy and
configure a system containing hundreds of clean-up devices. The modest performance
gains, when scaled over a large number of autonomous clean-up devices, directly
translates to improved oil removal and enhanced remediation.
The ability to develop containment regions and deploy clean-up devices with con-
figurations given by (3.16) in the hours immediately following a release could sig-
nificantly reduce the environmental impact resulting from an oil spill. Autonomous
clean-up agents have the added advantage of being able to continue remediation ac-
tivities in conditions unsuitable to manually directed clean-up efforts (e.g., night or
poor visibility conditions, or inaccessible areas).
5.2 Future Work
There are several avenues through which this work can be expanded. The finite
oil capacity of each clean-up device has not been explored in this thesis. As oil is
recovered and agents approach a capacity limit, a mechanism for depositing the oil
(e.g., offloading at a barge) could be considered. Expanding the controller to provide
configurations as an agent temporarily goes off-line and adapting the configuration
to the agent’s new position when it comes back on-line poses an interesting question.
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From a numerical methods approach, solving (4.1) using the approach presented
in this thesis is computationally expensive. Reducing the computational cost by
implementing other numerical methods or developing alternative methods for deter-
mining the spatial gradient of oil, ∇h, in Q′ could ensure the positions of agents can
be updated in real-time. The presented control strategy also requires that several
system parameters (Table 4.1) be known a priori to solve (4.1). Removing the need
for this requirement, for example by combining the control strategy with an on-line
parameter estimator, could greatly expand the flexibility of deployment situations.
The control law given in (3.16) may be generalized to identifying configurations
of dynamic sinks or sources in smoothly changing environments where some system
information (in this thesis ∇h) is continually provided. One possible extension of this
approach beyond oil spill clean-up might include deployment of vaccines to contain
an epidemic.
Finally, comparison of simulation results to the performance of a laboratory ex-
periment would confirm the accuracy of the models and assumptions described in this
thesis. This would be especially beneficial in allowing additional verification of the
underlying spreading model and the line-sink model. Several standard methodologies
exist for verifying the effectiveness of maritime remediation devices.
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Appendix A
Appendix
A.1 Derivation of Benque´’s Model
The continuity equation used in Benque´’s model is given as
∂h
∂t
+
∂uh
∂t
+
∂vh
∂t
= 0 (A.1)
ρpεgh
∂h
∂x
= τvx + k(Ue − u) + ρpfhv (A.2)
ρpεgh
∂h
∂y
= τvy + k(Ve − v)− ρpfhu (A.3)
where h is the oil thickness, ρp is the oil density, ε is a relationship between the
oil and water densities, τvx and τvy represent wind effects, and Ue and Ve represent
current effects. Note (A.1) is the continuity equation, and (A.2) and (A.4) describe
the average velocities in the system.
ρp
ε
k
gh
∂h
∂x
= U − u+ C0hv (A.4)
ρp
ε
k
gh
∂h
∂y
= V − v + C0hu (A.5)
where U and V represent the combined wind and current effects, and C0 is a constant
proportional to the oil density and oil-water friction coefficient. The last terms C0hu
and C0hv represent deflections related to Coriolis effects, which can be ignored if Q
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is sufficiently small. If we ignore the Coriolis effects, we can express (A.4) and (A.5)
as
ρp
ε
k
gh
∂h
∂x
= U − u (A.6)
ρp
ε
k
gh
∂h
∂y
= V − v (A.7)
(A.6) and (A.7) can be solved for u and v respectively, yielding
u = U − ρp ε
k
gh
∂h
∂x
= U − 3Cph∂h
∂x
(A.8)
v = V − ρp ε
k
gh
∂h
∂y
= V − 3Cph∂h
∂y
(A.9)
where
Cp = ρp
ε
3k
g
Inserting (A.8) and (A.9) into (A.1) yields
0 =
∂h
∂t
+
∂
∂x
(
Uh− 3Cph2∂h
∂x
)
+
∂
∂y
(
Vh− 3Cph2∂h
∂y
)
∂h
∂t
+
∂
∂x
(Uh) + ∂
∂y
(Vh) = ∂
∂x
(
3Cph
2∂h
∂x
)
+
∂
∂y
(
3Cph
2∂h
∂y
)
∂h
∂t
+∇ · (Ah) = Cp∇2h3 (A.10)
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